Abstract | Patients with abdominal aortic aneurysms (AAAs) are usually treated with endovascular aneurysm repair (EVAR), which has become the standard of care in many hospitals for patients with suitable anatomy. Clinical evidence indicates that EVAR is associated with superior perioperative outcomes and similar long-term survival compared with open repair. Since the randomized, controlled trials that provided this evidence were conducted, however, the stent graft technology for infrarenal AAA has been further developed. Improvements include profile downsizing, optimization of sealing and fixation, and the use of low porosity fabrics. In addition, imaging techniques have improved, enabling better preoperative planning, stent graft placement, and postoperative surveillance. Also in the past few years, fenestrated and branched stent grafts have increasingly been used to manage anatomically challenging aneurysms, and experiments with off-label use of stent grafts have been performed to treat patients deemed unfit or unsuitable for other treatment strategies. Overall, the indications for endovascular management of AAA are expanding to include increasingly complex and anatomically challenging aneurysms. Ongoing studies and optimization of imaging, in addition to technological refinement of stent grafts, will hopefully continue to broaden the utilization of EVAR.
Introduction
The concept of endovascular aneurysm repair (EVAR) was first reported by Volodos et al. 1, 2 in 1986 and by Parodi and colleagues in 1991. 3 Since that time, EVAR has become widely accepted as a safe technique for the treatment of abdominal aortic aneurysm (AAA). 4, 5 Early application of the endovascular technique was for the treatment of old patients with substantial comorbid illness who were unfit for open repair. However, the indications for this minimally invasive technique have expanded considerably since the procedure was first used. By 2003, EVAR was used for nearly half of all elective AAA repairs in the USA. 6 Currently, the majority of patients with anatomically suitable infrarenal AAA are treated with EVAR, rather than with open repair. 7 Indeed, a retrospective analysis of Medicare beneficiaries undergoing AAA repair in the USA showed that EVAR accounted for 77% of intact AAA repairs in 2008. 8 In this Review, we provide both a contemporary r eappraisal of evidence-based practice and an evaluation of promising new strategies in the endovascular management of AAAs. The role of imaging in the management of AAA, as well as new, innovative techniques and offlabel use of stent grafts are discussed. This Review has a particular focus on indications for intervention and operative technique for patients who are anatomically unsuitable for standard EVAR. Treatment of patients with juxtarenal or suprarenal aneurysms is covered, and an overview of the premise of the evolving nature of endovascular surgery is provided.
Incidence of AAA
The risk factors for AAA have been well described and include advanced age, cardiovascular disease, family history of AAA, smoking, and male sex. [9] [10] [11] Although the incidence of AAA is fourfold higher in men than in women, AAA rupture occurs at smaller aortic diameters in women, and they present for care at a moreadvanced age than men. 12 Moreover, large-scale studies of females with AAA have demonstrated poorer outcomes than those experienced by men. [12] [13] [14] These findings indicate a difference in the natural history of disease between men and women.
In the 1980s and 1990s, an increase in overall AAA mortality was observed. [15] [16] [17] [18] However, epidemiological reports from the 2000s have shown the incidence of AAA in developed countries to be decreasing. 19, 20 Moreover, in an American study of 338,278 Medicare benefic iaries undergoing AAA repair from 1995 to 2008, the total number of AAA ruptures decreased from 6,535 to 3,298 over the study period, yet the proportion of ruptures undergoing repair changed only slightly (from 70% to 65%). 8 Interestingly, the overall number of annual deaths from both intact and ruptured AAAs has decreased significantly since the introduction of EVAR. 8, 21 This reduction in ruptured AAA has been multifactorial, with valuable contributions made by improved screening programmes, decreased prevalence of smoking, improved cardiovascular risk prevention, and an increase in el ective surgery in patients aged >75 years. 22, 23 
Imaging in AAA management
Imaging has a very important role in the management of AAA. Several modalities are available for clinicians assessing patients with this condition.
Ultrasonography
The most-commonly used technique for screening and surveillance of patients with AAA is ultrason ography (Figure 1a,b) . This imaging modality has a high sensitivity and specificity, is inexpensive and noninvasive, and does not subject the patient to ionizing radiation. 24, 25 The disadvantages of this technique are that it is o perator-dependent and provides less-accurate diameter measurements than other available imaging modalities. Therefore, unlike computed tomography angiography (CTA; discussed below), ultrasonography is not suitable for use in preoperative work-up for AAA surgery. 26 Ultrasonography is mainly used for monitoring aneurysm growth and discovering postoperative endoleaks. 27 Contrast-enhanced ultrasonography, which involves the use of microbubble contrast agents, can be used safely in patients with impaired renal function. This imaging modality has been investigated as an alternative to CTA in the surveillance of patients after EVAR, and seems to provide accurate diagnostic information. [28] [29] [30] CTA Whereas conventional angiography has largely fallen out of favour as a first-line imaging modality in the management of AAA, spiral CTA, with its less-invasive approach, has been demonstrated to be the best imaging technique for both preoperative patient assessment and post operative aortic stent graft surveillance. 31, 32 The disadvantages of CTA are the radiation burden and the use of potentially nephrotoxic contrast agents. 26 Nevertheless, CTA is fast and provides all necessary detailed anatomic information, including 3D visualization (Figure 1c,d ). [33] [34] [35] 3D CTA currently also provides dynamic image capability, known as time-resolved or 4D CTA. These dynamic images can be used to assess variations in aortic diameter related to the pulsatile nature of the cardiac cycle. The critical nature of this variation was demonstrated in 2009 by Van Keulen and colleagues, who concluded in their systematic review that the proximal stent-graft-landing zone (AAA neck diameter) differs significantly in systole and diastole. 36 
MRA
Magnetic resonance angiography (MRA) is another tool at the disposal of the vascular surgeon for pre operative assessment of patients with AAA (Figure 1e,f) . Benefits of MRA include high-resolution soft-tissue contrast, and possible demonstration of arterial wall movement and flow quantification. In addition, MRA can be used to evaluate both the vascular lumen and its wall. 37 Unlike CTA, MRA is obtained without the use of iodinated contrast material or radiation. 38 Furthermore, MRA has higher sensitivity than CTA for the detection of endoleaks in patients after EVAR, particularly type 2 endoleaks. 39 However, MRA is more expensive and more time consuming than CTA, does not visualize calcium as well as CTA, and is less comfortable than CTA for the patient (indeed, this modality is contraindicated in patients with claustrophobia or certain metallic implant ations). Like CTA, MRA can generate dynamic images. Dynamic, time-resolved MRAs were first described in 1996, 40 and can be used to detect changes in vascular flow direction over time. The 4D MRA images are considered to be of most value in identifying endoleaks, as the inflow and outflow source can be well observed. [40] [41] [42] IVUS Intravascular ultrasound (IVUS; Figure 1g ,h) is also a part of the imaging armamentarium of the vascular surgeon, providing a 360 ° cross-sectional view of the vessel being evaluated. Maximum aortic diameter, varying with the cardiac cycle, can be evaluated in real time. IVUS can also be used to limit contrast administration in patients with renal insufficiency, as this technique is occasionally used as an adjunct without contrast injection. Despite these advantages, IVUS is susceptible to operator-dependent error, as accurate measurements require centring of the probe within the lumen, a task that becomes increasingly difficult with larger aortic diameter and longer procedure duration. Moreover, IVUS requires percutaneous vascular access, unlike noninvasive MRA or CTA. IVUS is cu rrently primarily used for research purposes.
Management) trial demonstrated 30-day mortality of 1.2% and 4.6% for EVAR and open repair, respectively (P = 0.10). 45 Additionally, the EVAR cohort was found to have a shorter hospital stay than the cohort who underwent open repair (6 days versus 13 days, P <0.001) and lower incidence of moderate or severe systemic complications over 30 days (11.7% versus 26.4%, P <0.001). 45 The study showed a combined rate of severe complications and operative mortality of 4.7% for the EVAR group compared with 9.8% for the open-repair group (P = 0.10). 45 Of note, however, subsequent longer-term follow up of this trial revealed that the perioperative survival advantage of EVAR over open repair was not sustained after the first postoperative year. 46 After 6 years of follow-up, the rates of survival remained similar in the EVAR and open-repair groups (68.9% and 69.9%, respectively). 47 Additionally, the long-term rates of secondary interventions were significantly higher for EVAR than for open repair over the 6-year follow-up period (29.6% versus 18.1%, P = 0.03). 47 The most-common secondary interventions in the EVAR group were stent-graft-related interventions, whereas the most-common procedure in the open-repair group was abdominal incisional hernia repair. 47 The UK EVAR 1 (UK Endovascular Aneurysm Repair 1) trial, 48 48 Median operative time (180 min versus 200 min, P <0.0001) and length of hospital stay (7 days versus 12 days, P <0.0001) were also lower in the EVAR group. 48 Perioperative mortality was lower with EVAR, 48 and lower disease-specific mortality was noted in the EVAR group at the 4-year follow-up (4% versus 7% in the open-repair group, P = 0.04); however, at the 4-year follow-up, no difference in all-cause mortality (26% versus 29%, P = 0.46) was observed between the two groups. 49 Moreover, the early aneurysm-related mortality benefit with EVAR was counteracted by higher aneurysm-related mortality in the EVAR group than the open repair group after 4 years (2.1% versus 0.4%, P = 0.05, in patients followed up for 4-8 years). 50 The lack of difference in all-cause mortality persisted throughout the 8 years of follow up. 50 Additionally, cost analyses showed higher costs for the EVAR group (mean costs £15,303 versus £12,284 for open-repair), and a greater number of secondary interventions occurred in the EVAR group than in the open-repair group (5.1% versus 1.7%, P <0.001) over the long-term follow-up period. The UK EVAR 2 trial investigators compared survival in patients unfit for open repair (n = 338) who were randomly assigned to either EVAR or no intervention. [51] [52] [53] Of note, the randomization in both the UK EVAR trials was determined by the surgeon at the local level. The EVAR 2 trial did not demonstrate a survival benefit for elective EVAR compared with no intervention in this frail patient population. [51] [52] [53] However, notably, both UK EVAR trials were based on intention-to-treat analysis, with significant patient crossover between groups allowing for potentially biased results. In EVAR 2, more than onequarter of patients assigned to no intervention for their aneurysm underwent aneurysm repair, of which 30% received surgery because of patient preference. 51, 53 This limitation and the lengthy delay between random ization and surgery in EVAR 2 (median 51 days 51 ) have made it challenging for clinicians to accept the c onclusion that EVAR is not worthwhile in high-risk patients.
The USA OVER (USA Open Versus Endovascular Repair) trial investigators assigned 881 patients to either EVAR or open repair between 2002 and 2008. 54 This multi centre, randomized trial showed a significant perioperative benefit for EVAR, with lower mortality in the EVAR group than in the open-repair group at 30 days (0.5% versus 3.0%, P = 0.004) as well as a shorter operative time (2.9 h versus 3.7 h, P <0.001) and length of hospital stay (3 days versus 7 days, P <0.001) for the EVAR group. 54 However, EVAR did not confer a survival benefit at the 2-year follow-up (mortality 7.0% versus 9.8% for open repair, P = 0.13). 54 Furthermore, rates of other outcomes also converged by longer-term follow-up: no differences were observed at 2 years in quality of life or secondary therapeutic procedures. 54 Although the study population generally demonstrated similar long-term outcomes at the most-recent follow-up reported (up to 9 years; mean 5.2 years), 55 subgroup analysis did show significantly increased long-term survival for patients aged <70 years undergoing EVAR compared with those assigned to open repair (HR 0.65, 95% CI 0.43-0.98, P = 0.04). 55 From 2003 to 2008, the French ACE (Anevrysme de l'aorta abdominale, Chirurgie versus Endoprothese) investigators randomly assigned 316 patients to EVAR or open surgery. 56 No difference in survival was observed between the two patient groups at a median of follow-up of 3 years (EVAR 11.3% versus open repair 8%, P = NS). 56 However, significant differences were seen with respect to long-term vascular reintervention rates (EVAR 16% versus open repair 2.7%, P <0.0001). 56 Like the UK EVAR 1 and 2 trials, this study followed an intention-to-treat analysis with apparent cross-over between study groups. 56 Observational studies To understand the comparative effectiveness of various interventions, inquiry should be extended beyond randomized, controlled trials of ideal populations to study interventions in 'real world' settings using observational data. Although observational studies that rely on administrative data are subject to coding errors, they provide invaluable data about 'real world' outcomes outside of the tightly controlled parameters of randomized, c ontrolled trials. 57 The early benefit from endovascular repair persisted for more than 3 years, after which the survival rates associated with the two procedures converged. 57 The lower early mortality with EVAR was more apparent with increasing age; for patients aged ≥85 years, the difference in mortality between the two groups was 8.5%, whereas the difference was 2.1% for patients aged 67-69 years. 57 This observational study was the first to look at a broad set of procedure-related interventions. Although patients who underwent EVAR were more likely to undergo AAA-related interventions during a 4-year follow-up period (9.0% versus 1.7% with open repair, P <0.001), this finding was partially offset by a reduced likelihood of hospital izations without surgery for a diagnosis of bowel obstruction or abdominal-wall hernia (8.1% versus 14.2%, P <0.001) and laparotomy-related interventions (4.1% versus 9.7%, P <0.001). 57 As in prior studies, EVAR was associated with a shorter length of stay than open repair (3.4 days versus 9.3 days, P <0.001) in this large observational study. 57 Owing to the selection of patients aged >65 years, the cohort might not be representative of the general population; however, the size of the study probably overcomes any selection bias. Importantly, the results were comparable to the randomized, controlled trials discussed above, demonstrating that the findings from these af orementioned randomized trials can be generalized.
In 2011, Schanzer et al. reported their findings from a study of CTA scans of 10,228 patients who underwent EVAR for AAA from 1999 to 2008 and were included in the M2S, Inc. database. 58 This retrospective observational study showed a 41% incidence of sac enlargement 5 years after EVAR, a rate that increased over time. 58 The rate of sac enlargement was significantly increased in patients who underwent EVAR from 2004 to 2008 compared with patients who underwent EVAR between 1999 and 2003. 58 The overall incidence of any endoleak was 32%, with the majority manifesting during the first postoperative year after EVAR. 58 In a letter to the Editor of Circulation, however, Mark Fillinger explained that the M2S, Inc. database is not a consecutive, observational series, and that a large percentage of patients with normal anatomy is purposely excluded. 59 In most cases, postoperative CT scans are only submitted to M2S, Inc. when the aneurysm is not shrinking, which leads to a selection bias with limited available follow-up data. As the study investigators had access to measurements, but not to the CT images, the evaluation of the primary pathology is questionable. In addition, sac expansion was not calculated from the first postoperative CT, which inflates the expansion rate relative to standard reporting methods.
Procedural improvements over time
The studies discussed above were conducted over the past 10 years and include the largest, most-cutting-edge trials performed to date. Notably, however, the findings related to outcomes after EVAR have improved over time. Indeed, for the most-recent trial with detailed followup-the USA OVER trial-investigators reported low mortality and low reintervention rates, confirming c ontinued improvement of EVAR.
Endovascular device technology has been subject to strenuous research and development efforts over the past 20 years. Since the aforementioned studies were undertaken, a number of stent grafts have been developed and improved. Imaging technology has also improved over time, with resultant improvement in patient assessment. Preoperative CTA scanning has evolved to enable thinner slices, improving the accuracy of measurements, and the development of 3D software packages has made measuring and planning of EVAR easier. In addition, the fluoroscopy equipment used for EVAR has improved over time. In many hospitals, mobile C-arms are replaced by fixed X-ray systems in hybrid operating rooms, which provide better image quality. Additionally, physicians themselves have gained experience and revised their criteria for identifying suitable candidates for EVAR. These improvements have likely led to better outcomes now compared with >10 years ago.
The clinical evidence accrued thus far gives an insight into surgical outcome rates; however, a number of unsolved issues remain. As the endovascular technique continues to improve, problems related to endoleaks, late device failures, life-long imaging, and late rupture risk must continue to be optimized.
All the factors discussed above contribute to the evolving nature of endovascular surgery. This evolution necessitates continued research to evaluate outcomes on an ongoing basis.
Indications for EVAR
The required anatomical criteria listed in the manufacturers' instructions for use for commercially available AAA endovascular devices approved by the FDA are shown in Table 1. 12,60 A commonly used definition of AAA is a maximum aortic diameter of ≥3 cm. For aneurysms <5 cm, a surgical intervention is not indicated; however, the patient should be kept under surveillance. In Europe, as well as in the USA, an aneurysm diameter of ≥5 cm is generally considered an indication for aneurysm repair, 26 although early surgical repair of aneurysms <5.5 cm has been shown to offer no advantage over surveillance. 61 As discussed above, AAAs rupture at smaller diameters in women than in men and, therefore, women might benefit from early treatment. 12 The proportion of patients treated with EVAR has increased over time, with an estimated 77% of intact AAA repairs being undertaken via EVAR in the USA in 2008. 8 The manufacturers' instructions for use for most stent grafts have not changed greatly in the past decade, but many other factors might contribute to the increased use of EVAR: diffusion of new technology from high-volume , early adopting centres to more-remote, lower-volum e centres; increased operator experience with the capabilities and limitations of the technology; changing referral patterns; lower-profile and more-flexible devices allowing treatment through small or tortuous iliac arteries; and more-frequent treatment of patients who do not have anatomical criteria deemed appropriate for the p rocedure in the manufacturers' instructions for use.
New devices and future developments
As EVAR became widely accepted as a safe technique, some physicians began experimenting with off-label use of stent grafts to treat patients deemed unfit for open Many approaches to treating aortic aneurysms exist, and a wide variety of devices are available. No clear evidence supports one specific treatment regimen over another and, therefore, specific practice patterns vary between institutions. Our approach is to treat patients with sufficient proximal landing zone at the aortic neck with EVAR in a traditional fashion, using a stent graft of the surgeon's choosing. For patients with anatomy that does not provide an infrarenal aortic neck for fix ation and sealing of a traditional stent graft, the next step depends on the suitability of the patient for open repair and the urgency of the clinical situation. Patients who elect to undergo AAA repair can be treated with an FDA-approved fenestrated or branched stent graft (described below), and emergent cases might be considered for management with off-label use of chimney or sandwich techniques (also described below). If the aortic diameter is large at the level of the target vessels, a branched stent graft can be used. As increasingly complex aortic pathology is treated via endovascular means, innovation has been driven through the use of novel techniques and devices customized in consultation with manufacturers. The surgeon must be judicious in the utilization of novel techniques outside the manufacturers' instructions for use, to ensure that they are employed with the utmost regard for patient safety.
The systems and devices discussed below are divided into those that have been approved by the FDA to be used safely, and those that have been more-recently developed and are in need of further research before device approval. These devices and techniques require advanced endovascular skills and have not been evaluated on a large scale. Although early reports support the use of these techniques in selected patients, limited data are available on their long-term use, and open repair remains the treatment choice in suitable candidates. However, within the setting of a clinical trial, in the hands of experienced physicians investigating promising devices, or for patients who could not otherwise be treated, some of the a lternative te chniques described below might be considered.
New devices approved by the FDA

Endostapling
In response to concerns about EVAR treatment failure secondary to endoleak and stent graft migration, endostaplers (Figure 2 ) have been developed to improve durability of the graft by fixation of the graft at its landing zones, and ultimately decrease the need for reintervention. In a prospective, single-centre study published in 2008, the feasibility of endostapler use was evaluated, and 20 of 29 endostaples were found to have been placed successfully. 62 Failures occurred in the setting of heavy vessel calcification, where the stapler failed to penetrate the tissue and retracted into the delivery device. In a midterm report published 2 years after the initial analysis, the investigators reported no device failures, migrations, endoleaks, conversions, or secondary procedures during follow-up (mean 18.2 months). 63 In a more-recent study of 11 patients with primary stent graft failure secondary to distal stent migration, use of a similar device, called an 'endoanchor' , with or without additional extender cuffs, resulted in no recurrent migration over a mean 10 months of follow-up, although two patients did require reintervention for persistent endoleaks. 64 Overall, early studies have demonstrated endostapler technology to be safe and feasible for primary fixation of stent grafts or management of stent migration. The device received FDA approval in 2011.
Fenestrated stent grafts
Although EVAR has become the most-commonly performed treatment for patients with infrarenal AAA, a considerable number of patients with AAA (15-20%) have more-proximal aneurysms, including in juxtarenal or suprarenal positions. 65, 66 EVAR was not previously considered a treatment option for patients with these challenging aneurysm configurations, because of the absence of a sufficient infrarenal neck for stent graft implantation. This problem was overcome through the introduction of the first fenestrated and branched stent grafts in 1999. [67] [68] [69] Since then, technology in this area has advanced rapidly, and fenestrated stent grafts were granted FDA approval in 2012. 60 Fenestrated grafts are now available for use above the renal arteries (Figure 3) , with technology available for customization at the level of the individual patient.
Compared with repair of infrarenal AAA, open repair of juxtarenal AAA is characterized by more-extensive visceral mobilization to achieve adequate exposure of the abdominal aorta. This requirement can lead to prolonged suprarenal aortic clamping and the need for visceral vessel revascularization. Accordingly, a prolonged period of renal ischaemia can result from open repair of juxtarenal AAA, with an associated risk of postoperative acute kidney injury and even dependence on dialysis. 66 Through a similar mechanism, bowel ischaemia secondary to temporary occlusion of the superior mesenteric artery can also occur in this setting, resulting in catastrophic complications such as multiorgan failure and death. 70, 71 In a 2010 meta-analysis that included 21 studies of patients undergoing open repair of nonruptured juxtarenal AAA, the pooled perioperative mortality was 2.9% and the rate of new-onset haemodialysis was 3.3%. 66 Fenestrated endovascular repairs have been shown to compare favourably to open surgery, with low operative morbidity and mortality. 72 In early reports of the use of fenestrated and branched stent grafts, patency rates of the visceral or renal arteries were approximately 95%. [73] [74] [75] In a study of 650 patients undergoing branched or fenestrated AAA repair, long-term durability was favourable, with 89% freedom from secondary intervention at the 3-year follow-up. 76 Subsequent smaller studies and reviews of the literature have further demonstrated these benefits. In a multicentre study of 134 patients treated with fenestrated stent grafts from 2004 to 2009, 30-day mortality was 2% and mortality during a median follow-up of 15 months was 9%. 77 No ruptured aneurysms were reported. 77 In another study of 100 patients with short-necked or juxtarenal AAA, who were treated with fenestrated EVAR from 2001 to 2009, 30-day mortality was 1% and, again, no ruptured aneurysms were reported. 78 A 2012 systematic review that included nine observational studies involving 629 patients demonstrated that EVAR using fenestrated stent grafts was associated with low 30-day mortality (2.1%). 79 In this analysis, the pooled estimates for branch-vessel patency, technical success, and reinterventions at a mean follow-up of 15-25 months were 93.2%, 90.4%, and 17.8%, respectively. 79 Compared with standard EVAR, a disadvantage of EVAR using fenestrated stent grafts is that these grafts often require a high degree of customization, which increases cost and makes the technique prohibitively expensive for emergent cases. In addition, technical considerations such as severely angulated necks, aortic thrombus in the area of target vessels, and small, calcified target vessels might also prohibit the use of fenestrated grafts. Despite these limitations, fenestrated and branched stent grafts have increased the applicability of EVAR to patients who would otherwise be subject to highly morbid open-repair procedures.
According to a study involving 26 consulting physicians located across the UK, who reviewed 192 cases of EVAR using fenestrated stent grafts, consensus on indications for EVAR using fenestrated stent grafts occurs in almost 70% of cases. 80 The reviewing physicians agreed on suitability for EVAR using fenestrated stent grafts in areas considered to be associated with moderate risk from open repair and the need for suprarenal clamping. EVAR using fenestrated stent grafts was, on the other hand, less likely to be considered indicated in patients aged ≥85 years with aneurysms ≤6 cm and in cases with short-necked infrarenal aortic aneurysms. 80 Ideally, a prospective, randomized, controlled trial comparing EVAR using fenestrated stent grafts with open repair should be performed.
Devices and techniques not yet FDA approved
The chimney technique An alternative to the fenestrated stent graft for patients with challenging anatomy is the chimney graft (Figure 4) , which also preserves the renal and/or mesenteric perfusion. The chimney graft is cheaper than the fenestrated stent graft, and has broader applicability for emergent cases because of the lack of need for customization. 81, 82 Similarly, patients ineligible for EVAR using fenestrated stent grafts because of anatomic exclusion criteria can potentially be treated with a chimney graft. Covered or uncovered chimney stent grafts can be deployed via Similarly to the fenestrated stent graft, the chimney graft preserves the renal and/or mesenteric perfusion. Notably, however, the chimney graft is cheaper than the fenestrated stent graft, and has broader applicability for emergent cases because customization is not needed.
brachial or axillary access while aortic stent grafts are deployed via traditional femoral access. 83 A systematic review involving data for 75 patients who had undergone EVAR using a chimney procedure (96 chimney grafts used) demonstrated a technical success rate of 98.9%, although operative techniques varied considerably between studies. 84 During follow-up that ranged from 2 days to 54 months, three deaths occurred as late complications and three chimney grafts occluded, necessitating two reinterventions. 84 Long-term follow-up is not yet available, and FDA approval and CE mark have not yet been attained. However, the chimney procedure might one day offer an acceptable endovascular treatment option for patients with juxtarenal or suprarenal AAA, particularly those who are unfit for open surgery in an emergency setting or when fenestrated grafts are unavailable. 81, 82, [84] [85] [86] The sandwich technique The sandwich technique involves the use of stents placed in the aortic branches, like chimneys, that are 'sandwiched' between two aortic stent grafts (Figure 5a ). [87] [88] [89] This configuration permits a stable position of coaxial grafts between two aortic stents and is an attractive alternative for patients with anatomy not amenable to conventional EVAR. The technique allows the revascularization of up to four side branches, as opposed to the two permitted by the chimney technique. Notably, however, the revascularization of four side branches using a double two-chimney approach (Figure 5b ) has been reported in the past few years. 89, 90 Although long-term outcomes are not yet available for either the sandwich technique or the double two-chimney approach, and these strategies are performed off-label, they hold potential for patients with difficult anatomy, especially given that they do not require customization. Notably, however, these techniques have only been used in situations not listed in the manufacturers' instructions for use.
Off-the-shelf fenestrated stent grafts
Currently, fenestrated and branched stent grafts must be customized for individual patients, a process that requires meticulous preoperative planning. Such customization can lead to substantial treatment delay, with risk of rupture in the intervening period. Such delays preclude the use of the technology in the acute setting. To allow more patients to be treated in the acute setting, standard off-the-shelf fenestrated and branched ( Figure 6 ) stent grafts have been developed for treatment of patients with complex AAA. The T-branch stent graft is an off-theshelf device that can be used for thoracoabdominal AAA treatment, whereas the P-branch off-the-shelf device can be used for aneurysms that limit just below the superior mesenteric artery.
During the period 2008-2010, Chuter et al. studied 28 patients who underwent AAA repair using custommade or standard off-the-shelf fenestrated stent grafts (n = 14 for each group). 91 No cases of stent migration, aneurysm dilatation, rupture, or perioperative death were reported for either group. 91 In another study conducted by Kitagawa and colleagues, 92 16 patients were recruited in 2011-2012 for treatment with an off-theshelf P-branch device. The treatment was technically successful in all patients, taking into consideration that one patient had an occluded renal artery during follow-up, which was successfully recanalized. 92 In 2012, Resch et al. reported on the successful treatment of seven patients with juxtarenal and suprarenal aneurysms using fenestrated off-the-shelf devices; no deaths and no endoleaks occurred during the 30-day follow-up period. 93 Off-the-shelf fenestrated and branched stent grafts have the potential to reduce the need for preoperative graft customization and might be a solution for patients with AAA not suitable for traditional EVAR, particularly in the emergent setting. As limited clinical evidence is currently available, however, more research is needed before widespread implementation of this technique.
Multilayer stent
For management of complex aneurysms involving aortic branches, a new multilayer self-expanding stent technology ( Figure 7 ) has been developed. The technology has flow-diverting capabilities that can exclude the aneurysm while preserving collateral circulation via a series of interconnected, braided layers. Similar to the flow dynamics seen in saccular aneurysms with clinically relevant thrombosis, turbulent flow through the thrombotic segment creates a pressure gradient such that flow is drawn into the aortic branch. In a similar fashion, this multilayered stent graft could achieve diversion of flow into the vital visceral branches involved. Given that this technology has been developed over the past 5 years, however, little is known about its reliability and effectivness. [94] [95] [96] In 2012, a systematic review involving data from 12 reports of patients (n = 35; 38 aneurysms) treated with flow-diverting stents was published; three of these patients had been treated for AAA. 96 Each of these three cases achieved technical success in stent deployment, aneurysm thrombosis and shrinkage, and patency of branch vessels. 96 Further investigation for flow-divertin g stents in the use of AAA management is ongoing. Although this off-the-shelf stent might potentially be used in patients with AAA not amenable to treatment via other previously described endovascular or open methods, the technique has not undergone the rigors of clinical testing and the effectiveness remains to be proven.
A sac-anchoring endoprosthesis
Unlike open AAA repair, EVAR leaves the aneurysm sac itself untreated, which allows the possibility of persistent blood flow (type 2 endoleak) and stent migration. The sac-anchoring endoprosthesis (Figure 8 ) is an endoluminal device that eliminates the endoleak space via obliteration of the aneurysm sac. This technology utilizes two femorally inserted stent grafts with polymer-filled endobags on the outside of the stents. The polymerfilled endobags enlarge to a pressure preset to support the stents within the aneurysm sac. Such technology might be employed in the setting of an infrarenal AAA with adverse anatomic features. 97, 98 In a prospective clinical trial published in 2011, perioperative aneurysm-related mortality was 2.9% among 34 patients undergoing AAA with sac anchoring. 98 One patient had a secondary procedure because of an endoleak. CT surveillance for >2 years revealed no change in aneurysm size, no new endoleaks, and no change in stent graft position. 98 The sac-anchorin g endoprosthesis has been available in Europe since 2012, but is still awaiting FDA approval.
Other changes to stent graft design Developments in stent grafts have facilitated their deployment through smaller access sites than was previously possible, and with improved sealing and fixation in an ever-increasing cohort of patients. In addition, fabrics with reduced porosity have been developed to enable a rapid reduction in aneurysm size. 99 Reduced stent graft profile and other improvements have thus far been achieved without adversely impacting the durability and sustainability of the stent graft itself. 100 Low-profile stents with a delivery system diameter of 14 French have received CE Mark approval. To optimize sealing and fixation, low-profile stent graft systems have been designed with the use of transmural fixation with endoanchors, 101, 102 or with polymer-filled sealing rings, 100 to improve stability in placement. Also, single low-profile introducer sheaths combined with a thin-walled, low-porosity fabric have been developed to reduce aneurysm size. 103 
Conclusions
Over the past 20 years, endovascular technology has propelled EVAR from an obscure technology with limited applicability to being the standard of care in an increasing number of AAA indications. EVAR utilization has broadened so dramatically that up to 77% of patients are now treated with endovascular repair. 8 EVAR is not only becoming the first choice of treatment for patients with infra renal AAAs, but is also gaining traction for the management of increasingly challenging anatomy. Interestingly, the survival benefit in terms of 30-day operative mortality for EVAR compared with open repair remains most convincing in patients with few or no comorbidities. 7 As indications expand and devices evolve, ongoing research is critical to ensure effective and e vidence-based utilization of this promising technology.
Review criteria
Focused on endovascular treatment of aneurysmal aortic disease, a search for original articles, reviews, and metaanalyses was performed using Pubmed and MEDLINE. Search phrases used were "EVAR", "endovascular repair", or "aortic aneurysm", alone or in combination with one of the following words: "mortality", "gender", "imaging", "versus open", "stent graft", "indications", "juxtarenal", "suprarenal", and "outcome". Most articles identified were full-text papers written in English. No time limits were set. The reference lists of identified articles were also searched for additional material.
